The cyclodextrin glucanotransferase from Paenibacillus pabuli US132 (US132 CGTase) was engineered using a rational approach in an attempt to provide it with anti-staling properties comparable to those of the commercial maltogenic amylase (Novamyl). The study aimed to concurrently decrease the cyclization activity and increase the hydrolytic activity of US132 CGTase. A five-residue loop (PAGFS) was inserted, alone or with the substitution of essential residues for cyclization (G180, L194 and Y195), mimicking the case of Novamyl. The findings indicate that, unlike the case of the CGTase of Thermoanerobacterium thermosulfurigenes strain EM1 whose initial high hydrolytic activity was exceptional, these mutations completely abolished the cyclization and hydrolytic activities of the US132 CGTase. This suggests that those mutations are not able to convert conventional CGTases, whose hydrolytic activities are very weak, into hydrolases. Accordingly, and for the first time, a structural barrier at subsite −3 was advanced as an influential factor which might explain the low hydrolytic activity of conventional CGTases.
Introduction
The α-amylase or glycoside hydrolase GH13 family (Henrissat & Davies 1997) constitutes an extensively studied group of starch modifying enzymes. All members of this family possess three carboxylic residues involved in the catalysis (2 aspartates and 1 glutamate) and employ an α-retaining double displacement mechanism. They show, however, diverse reaction and product specificities. The main difference between them relates to their preferences for hydrolysis or transglycosylation reactions (MacGregor et al. 2001; Svensson et al. 2002) .
Cyclodextrin glucanotransferases (CGTases; EC 2.4.1.19) are members of the α-amylase family that have attracted special attention due to their unique capacities of forming cyclodextrins (CDs) from starch. CDs are cyclic α- (1, 4) glucans that have numerous applications in the pharmaceutical, cosmetics, food and textile industries (Martin Del Valle 2004) . CDs are generated via an intramolecular transglycosylation reaction known as cyclization. The reaction starts with the binding of a linear oligosaccharide across at least nine sugar subsites labeled −7 to +2 (Leemhuis et al. 2003a; 2010) . This is followed by the cleavage of the glycosidic bond between the residues bound at subsites −1 and +1, resulting in a covalent glycosyl-enzyme intermediate. Subsequently, the non-reducing end moves from subsite −7 to subsite −1. This step, called circularization, is followed by an intramolecular bond formation generating the cyclic oligosaccharide (Leemhuis et al. 2002b) . In addition to catalyzing the cyclization reaction, CGTases are also able to perform hydrolysis as well as two intermolecular transglycosylation reactions, namely coupling and disproportionation. Conventional CGTases preferably catalyze transglycosylation reactions and exhibit very weak hydrolytic activity, which makes them efficient transglycosylases Sun et al. 2011) . However, only two CGTases from thermophilic microorganisms, namely Thermanobacter sp. (Norman & Jørgensen 1992) and Thermoanerobacterium thermosulfurigenes strain EM1 (Tabium) (Wind et al. 1995) , were previously reported to have unusually high hydrolytic activities.
To discriminate CGTases from α-amylases, characteristic differences in the primary structure of four conserved regions could be identified (Janecek et al. 1995) . Structurally, CGTases are organized in five domains designated A to E. They share three structural domains (A, B and C) with α-amylases but have two additional C-terminal domains (D and E). While domains A and B are known to form the catalytic core of the enzyme and domains C and E to contribute to c 2012 Institute of Molecular Biology, Slovak Academy of Sciences starch binding (Ohdan et al. 2000; Janecek et al. 2003) , the functions of domain D are still not fully elucidated.
Owing to their ability to hinder the amylopectin recrystallisation, maltogenic α-amylases are described as effective anti-staling agents (Goesaert et al. 2009 ). Among these enzymes, the maltogenic α-amylase of Geobacillus stearothermophilus (commercially available as Novamyl) is widely used in the baking industry to improve the shelf-life of bread (Olesen 1991) . CGTases could also be used as anti-staling enzymes since they decrease the firmness of bread (Jemli et al. 2007 ). In addition, the increase of the hydrolytic activity of CGTase, by random or site-directed mutagenesis, makes the enzyme more useful for the baking industry (Lee et al. 2002; Shim et al. 2004) .
Novamyl is a unique five-domain amylase that shares high structural similarity with CGTases (Dauter et al. 1999 ). Based on a rational protein engineering approach, Novamyl was previously converted from a maltogenic amylase into a CD-forming enzyme through the introduction of few mutations (Beier et al. 2000) . Conversely, the Tabium CGTase was converted into a starch hydrolase using the opposite experiment (Leemhuis et al. 2003b) . However, it is worth noting that the latter CGTase represents a particular case since it exhibited the highest initial hydrolytic activity ever recorded for a CGTase. Up to date and to the authors' best knowledge, no other studies have been reported to apply the same strategy on a conventional CGTase with low hydrolytic activity.
In previous works, the conventional CGTase from Paenibacillus pabuli US132 (US132 CGTase) was characterized, cloned and overexpressed (Jemli et al. 2008; Zouari Ayadi et al. 2011) . In addition, the enzyme has been reported as a potential good candidate for application as an anti-staling agent particularly because of its action on bread firmness (Jemli et al. 2007 ). This study aims to investigate the possibility of decreasing the cyclization activity of the US132 CGTase so as to provide it with an antistaling property comparable to that of the commercial α-amylase, Novamyl. It also explores the effects brought by the introduced mutations with regards to enzyme activities and the new insights they might bring with respect to the low hydrolytic activity of CGTases.
Material and methods

Bacterial strains and plasmids
[lon] ompT lacZ::T7 gene1 gal sulA11 ∆(mcrC-mrr)114:IS10 R(mcr-73::miniTn10-TetS)2 R(zgb-210:Tn10) (TetS) endA1
[dcm]) were used as cloning and expression hosts, respectively. The plasmid pSJ8 carrying the wild-type US132 cgtase gene was previously described (Jemli et al. 2008 ). The pCR2.1 vector (Invitrogen) was used for the cloning of mutated US132 cgtase genes. The plasmids pSJ14, pSJ23 and pSJ26, harboring the mutated genes Mu14, Mu23 and Mu26, respectively, were constructed in this work: pSJ14 carried the "PAGFS" insertion; pSJ23 was obtained by adding the double substitution L194F/Y195T to pSJ14; and pSJ26 was constructed by introducing the G180D into the plasmid pSJ23.
Construction and expression of the US132 CGTase mutants
The US132 cgtase mutated genes encoding the US132 CGTase mutants were constructed through PCR-based site-directed mutagenesis. Accordingly, two external nonmutagenic primers (named OS1 and OS2) and two complementary internal primers (Fwd and Rev), containing the desired mutation, were designed (Table 1) . Two separate PCRs were performed for each mutation, using the pSJ8 or appropriate mutated plasmid as a template, with the corresponding primers for each reaction (OS1/Rev or OS2/Fwd). The amplification reaction mixtures (50 µL) contained Pfu (Pyrococcus furiosus) DNA polymerase amplification buffer, 1 µmol of each primer, 100 ng of DNA template and 1 unit of Pfu polymerase (Fermentas). The resulting two PCR fragments were extracted separately and, then, a third amplification was carried out with a mixture containing these fragments in the presence of the external primers. The PCR products were purified using an agarose gel extraction kit with DNA extraction by silica-gel membrane adsorption (Jena Bioscience). The fragments obtained were then ligated into pCR2.1 cloning vectors and transformed into E. coli host strains. The presence of the desired mutations and the absence of other undesirable substitutions were confirmed by DNA sequencing using an automated DNA sequencer ABI Prism 3100-Avant Genetic Analyser (Applied Biosystems). The expression, extraction and purification of the wild-type or mutated CGTases were performed as previously described (Jemli et al. 2008 ). The protein concentration was determined according to Bradford (1976) using bovine serum albumin as a standard protein.
The protein separation was performed by 10% SDS-PAGE according to the method of Laemmli (1970) . Protein bands were visualized by Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories) staining.
Enzyme assays
The dextrinization activity of the CGTase was monitored by measuring the decrease in absorbance (blue value) of iodineamylose complex as described in a previous work (Jemli et al. 2007 ). The cyclization activity was measured as β-CD forming activity according to the method reported by Volkova et al. (2000) . The hydrolytic activity was monitored by determining the amount of released reducing sugar according to the Nelson-Somogyi method (Somogyi 1952) . The endo-and exo-acting activities were monitored using the commercial assay kits (Megazyme International, Ireland) according to the methods of Ceralpha and Betamyl, respectively (Ben Messaoud et al. 2004) .
Bread baking and analysis of crumb firmness Four loaves of bread, baked using different treatments, were employed in the present study. The first loaf, designated as negative control, was baked using the bread mix alone. The second loaf was baked using a bread mix supplemented with Novamyl (Novozymes AS, Denmark). The third loaf was supplemented with an equivalent amount of US132 CGTase. The fourth loaf was baked using a loaf mix supplemented with an equivalent amount of an endo-amylase. The dough composition, enzyme amounts and baking conditions were used as described in a previous study (Jemli et al. 2007 ). The evolution of crumb elasticity in the four experimental loaves was evaluated at days 1, 6 and 10 of bread storage using a texturometer (TAXT-2).
Amino acid sequence analysis and homology-modeling
The editing of the alignment, including the superimposition of secondary structures, was conducted using the ESPript utility (http://espript.ibcp.fr/ESPript/ESPript/). The three-dimensional model of the US132 CGTase was generated based on the crystal structure of the CGTase of Bacillus circulans strain no. 8 (PDB code: 1CGT) using the automated comparative protein structure homologymodeling server, SWISS-MODEL (http://www.expasy.org/ swissmod/). The visualization and analysis of the model structure and subsequent graphical presentations were carried out using the PyMOL v0.99 program (http://www. pymol.org/).
Results and discussion
Effect of the US132 CGTase on crumb elasticity The US132 CGTase has previously been reported to constitute a good candidate for application as an antistaling agent because it improved bread volume and delayed its firmness by 10 days. The results obtained were comparable to those described for the commercial antistaling amylase, Novamyl (Jemli et al. 2007 ). Further analysis showed, however, that compared to Novamyl, the US132 CGTase slightly decreased crumb elasticity (Fig. 1) . This latter decrease was noted to produce a rather gummy bread that might contain sticky crumb.
Bread stickiness is usually engendered by the random action of endo-amylases that damage starch structure. Mode of action (endo-or exo-activities) analyses revealed that the US132 CGTase had an exo-acting profile, with a Ceralpha/Betamyl ratio of about 0.06. Since the exo-specificity of Novamyl is also reported to increase the shelf-life of bread (Olesen 1991) , the differences recorded in the product specificities of both enzymes could presumably be attributed to factors pertaining to the decrease in elasticity. In fact, while Novamyl is a maltose-producing starch hydrolase that does not form CDs, US132 CGTase is a CDs producing transglycosylase that has a very weak hydrolytic activity. The attribution of bread gumminess to CDs, suggested here, can be supported by the findings reported by Mutsaers & Van Eijk (1999) showing that the addition of a large amount of CDs generated sticky and hard to handle dough. Accordingly, further efforts are needed to enhance the hydrolytic activity and decrease the cyclization activity of the US132 CGTase and to render this enzyme more useful for application in the baking industry.
Design of mutations in US132 CGTase to mimic Novamyl Sequence alignment was performed in combination with the superimposition of the three-dimensional structures to identify the major differences and similarities between US132 CGTase and Novamyl with regards to their particular specificities. The examination of the primary structure alignment showed that US132 CGTase (684 residues) and Novamyl (686 residues) shared 45% identity and 58% similarity. As shown in Figure 2 , both enzymes contained the four conserved regions wherein the three catalytic amino acids (Asp229, Glu257 and Asp328; US132 CGTase numbering) and most of the residues involved in substrate binding subsites were located.
Considering that no crystal structure existed for US132 CGTase, the three-dimensional structure of the CGTase of Bacillus circulans strain no. 8 (PDB code: 1CGT) was selected as a template for homologymodeling since both enzymes were noted to share 94% identity. Naturally, the overall folding of both CGTases is very similar as judged by the root mean square deviation of the C α atoms (0.075Å). As common with all other CGTases, the model generated for the US132 Fig. 2 . Structure-based sequence alignment of the US132 CGTase (GenBank Acc. No.: CAO05752) with Novamyl (PDB code: 1QHP). Strict identities are typed in white on a red background; differences between conserved groups are displayed on a yellow background, the four conserved regions (RI to RIV) in amylases and the catalytic residues (Asp229, Glu257 and Asp328, US132 CGTase numbering) are shown in black and blue box, respectively. The secondary structure assignment corresponding to Novamyl is indicated at the top of the alignment. α-Helices, 3-helices and 5-helices are displayed as medium, small and large squiggles, respectively. β-Strands are shown as arrows, strict β as TT letters. CGTase (Fig. 3a) showed the presence of five domains (A to E). The X-ray crystal structure of Novamyl (PDB code: 1QHP) also revealed five domains that are more commonly associated with CGTases (Dauter et al. 1999) . The structural comparison of Novamyl and US132 CGTase showed significant superimposition with the presence of an extension near the active site of Novamyl (Fig. 3b) . This extension was a five-residue loop (PAGFS) located between strands β9 and β10 of Novamyl (Fig. 2 ). This loop was described as the most significant structural feature related to the differences in the product specificities of Novamyl and CGTases (Dauter et al. 1999; Leemhuis et al. 2003b) . In fact, the presence of the loop at the donor subsites −3/ − 4 could sterically hinder CDs formation and make small oligosaccharides in an optimum orientation for hydrolysis. The deletion of the loop (PAGFS) and the subsequent substitution of two adjacent residues (F188L and T189Y; Novamyl numbering) were previously reported to constitute a sufficient step for the changing of Novamyl into a CD-forming enzyme (Beier et al. 2000) . In order to provide the US132 CGTase with anti-staling properties comparable to those of Novamyl, the present study attempted to perform the reverse experiment and to probe into the functional effects of structural differences on the product specificity of this enzyme. Accordingly, the five-residue loop was inserted and the two adjacent residues essential for cyclization, namely L194 and Y195 Parsiegla et al. 1998) , were substituted by their analogues in Novamyl, that is, F188 and T189, respectively. The study also involved the addition of the G180D mutation since a side chain at position 180 strongly interferes with the selection of longer linear substrates as well as the circularization process, which explains the conservation of Gly180 in all CGTases (Leemhuis et al. 2002b) . Moreover, the equivalent aspartate in Novamyl is known to form a hydrogen bond with the serine in the loop PAGFS, which may be important for the stabilization of the insertion conformation (Leemhuis et al. 2003b ).
Study of structure-function relationships of US132 CGTase mutants The first step toward investigating the contributions that the major differences between US132 CGTase and Novamyl might bring in terms of product specificity consisted in inserting the five-residue loop (PAGFS) into US132 CGTase. The resulting mutant, named Mu14, was overproduced using the same culture conditions optimized for the production of the wild-type enzyme (Jemli et al. 2008) . Although SDS-PAGE analysis confirmed the expression of the recombinant enzyme (data not shown), enzyme essays showed that Mu14 was neither able to hydrolyze starch nor to form CDs (Table 2) . Since the catalytic residues (Asp229, Glu257 and Asp328) were not mutated, we suggest that the introduced loop probably hamper the substrate binding and do not influence the catalysis itself. Furthermore, based on structural modeling, the mutant revealed a loop conformation which was different from that of Novamyl (Fig. 4) . This loop could partially obstruct the binding of the substrate at the active site of US132 CGTase and might have interfered with the optimum orientation of the substrate for catalysis, which could explain the loss of enzyme activities. On the other hand, the presence of the loop in Novamyl was noted to prevent CD formation but not starch hydrolysis (Beier et al. 2000) . Since the loop abolished both cyclization and hydrolytic activities of the US132 CGTase mutant, the low hydrolytic activity of the wild-type US132 enzyme (1 U/mg) was inferred to constitute a minor side activity most likely related to the formation of CDs. It was, therefore, possible to suppose that the insertion of the loop without changing the essential residues for cyclization did not enhance hydrolysis.
Further protein engineering involved the addition of mutations G180D, L194F and Y195L to the inserted PAGFS, thus mimicking the case of Novamyl. The mutant that was obtained, Mu26, was noted to remain unable to perform cyclization and hydrolysis activities (Table 2 ) despite the change that the loop underwent in terms of conformation to become more similar to that of Novamyl (Fig. 4) . Consequently, other structural features might be involved in the product specificity of the US132 CGTase knowing that the introduction of the homologous mutations (PAGFS loop as well as L195F, F196T and G181D mutations) into the mutant D of Tabium CGTase did not inactivate the enzyme. In fact, these mutations practically abolished the cyclization activity of the Tabium mutant D with no remarkable effect on its hydrolytic activity (Leemhuis et al. 2003b) . It is worth noting here that the wild-type Tabium CGTase is an exceptional CGTase that exhibits an unusually high hydrolytic activity (54 U/mg), initially resulting in its misidentification as an α-amylase (Wind et al. 1995) . No similar protein engineering studies are currently available on a conventional CGTase having a very low hydrolytic profile as is the case with common CGTases including that of the US132 strain. Therefore, structural comparisons between the US132 mutant Mu26 and Tabium mutant D could bring new insights on the structural factors contributing to the low hydrolytic activity of conventional CGTases.
The presence of the loop (PAGFS) at subsite −3/ − 4 hampers the binding of the substrate from subsites +2 to −7 which is strongly required for CD production (Dauter et al. 1999) , and, therefore, explains the loss of the cyclization activities for both mutants. Consequently, the differences between the subsites +2 to −3 of US132 and Tabium CGTases may strongly contribute to the discrepancy in their hydrolytic activities. Previous works have indicated that acceptor subsites +2 and +1 have extremely important roles in the deterrence of water from the active site in order to minimize the number of hydrolytic events (Leemhuis et al. 2002a ). However, no differences were noted between the residues involved in subsites +1 and +2 for both mutants D and Mu26, suggesting that they were not the main factors determining the relatively high hydrolytic activity of Tabium CGTase versus the extremely low one of US132 CGTase. The examination of other subsites (−1, −2 and −3) showed that the only difference between both CGTases was observed in subsite −3, which strongly suggested that the structural differences at this subsite might constitute the most contributive factors accounting for the high hydrolytic preference noted for Tabium mutant D. Although subsite −3 has often been considered to be essential for determining the size of the produced CD (6, 7, or 8 glucose units) (Kelly et al. 2009; Li et al. 2009 ), a few mutations in residues at subsite −3 could also lead to a slight decrease or increase in the hydrolytic activity of CGTases (van der Veen et al. 2000) . As shown in Figure  5 , the substrate-binding surface of Tabium mutant D at subsite −3 seems to be an open groove that may easily accommodate the substrate that would be cleaved to give linear products, which might explain the persistence of the hydrolytic activity of this mutant after the loop insertion. With the Mu26 enzyme, on the other hand, a structural barrier was observed at subsite −3 that might have blocked the substrate binding at the active site, which could explain the mutant inactivation. This barrier, corresponding to the eight residues region I87-N94, was formed by two anti-parallel strands and showed the presence of a hydrogen interaction between N94 and K47 (Fig. 5b1) . The relevant region in Tabium mutant D was formed by nine completely differ- ent residues (L87-S95). This region showed a structural organization as a loop that was suggested to be less rigid than the double strands. It is worth noting that the presence of the barrier (double strands) at subsite −3 was checked within the X-ray three-dimensional structure of other typical CGTases exhibiting low hydrolytic activities (PDB codes 1CGT, 1CXK and 1V3J for CGTases from Bacillus circulans no. 8, Bacillus circulans no. 251 and Bacillus sp. 1011, respectively). This supports the assumption that this structural barrier could have a key contribution in preventing substrate binding at subsite −3, and thus the formation of linear products. Further studies are, however, needed to confirm this hypothesis.
To conclude, the US132 CGTase, previously reported as a good anti-staling enzyme, was chosen to be engineered by introducing major mutations commonly associated with commercial maltogenic amylase (Novamyl). The study was performed in an attempt to enhance the hydrolytic activity of the US132 CGTase and to understand the structure-function relationships of the enzyme. Since the introduced mutations did not convert this conventional CGTase into a hydrolase, unlike the case with the unusual Tabium CGTase, the approach adopted seems to be applicable only with CGTases having high initial hydrolytic activity. The findings also suggest that the low hydrolytic activity of conventional CGTases could presumably be attributed to a number of structural features at subsite −3.
